Abstract: This paper describes an efficient synthesis and the antiparasitic evaluation of cyclic β-amino acid-containing dipeptides 3.1-3.6 and 4.1-4.5. The antimalarial properties of all these dipeptides have been evaluated in vitro against Plasmodium falciparum and in vivo against Plasmodium berghai. Compounds 4.4 and 4.5 have been found to be very effective in this respect, with IC 50 values of 3.87 and 3.64 μg/mL in the in vitro test, while 4.5 has also been found to be active in the in vivo evaluation.
Introduction
Malaria is one of the most important parasitic diseases of humans due to its high morbidity and mortality [1] . According to WHO, it is a threat to over 2 billion people living in areas of high incidence [2] . The disease is spread by the Anopheles mosquito, mostly found in the tropical regions of the world. There are four major species of the malaria parasite, i.e. Plasmodium falciparum, P. vivax. P. malariae and P. ovale, of which P. falciparum [3] is responsible for more than 95% of malaria-related morbidity and mortality. Increasing resistance [4] of P. falciparum to existing therapies has heightened concerns about malaria in the international health community. While quinine has been used for over a hundred years to treat malaria, its use as an antimalarial agent is hindered by parasite resistance. Choloroquine, an inexpensive quinine derivative first identified as an antimalarial agent in the 1930s, also faces widespread resistance throughout the world. Other commonly used antimalarial drugs such as mefloquine [5] and Fansidar [6] can provide effective treatment in cases of chloroquine resistance, but parasite resistance to these alternative therapies have also been reported [4a] . Indeed some P. falciparum strains have been identified that are resistant to all known antimalarial drugs. The alarming spread of parasite resistance clearly indicates that new strategies [7] are necessary for finding safe and effective means of treating malaria.
For this reason, increased attention has been focused on the identification of new drug targets like plasmepsinaspartyl proteases [8] for developing new antimalarials. In this regard the enzymes involved in metabolic pathways [9] are considered important. Peptide inhibitors of malarial aspartyl protease [10] are well known in the literature. Recent reports have called to attention linear peptides as well as cyclic ones, which also show antimalarial properties. Apicidin [11] , a cyclic peptide isolated from Fusarium pallidoroseum, controlled infections of P. berghei in mice at concentrations of less than 10 mg/kg. Most recently, a new antimalarial linear tetrapeptide from the entomopathogenic fungus Hirsutella sp. BCC 1528 has been reported by Isaka et al. [12] . These new peptide based inhibitors prompted us to look into the chemistry of dipeptides containing cyclic β-amino acids and also to evaluate them for in vitro activity against P. falciparum. Such β-amino acids [13] and their derivatives, such as amino esters, amides or 1,3-amino alcohols, could serve as building blocks for the synthesis of a wide range of saturated heterocycles, which may also prove as good therapeutic agents against various maladies. Besides their chemical importance, β-amino acids and their derivatives possess noteworthy pharmacological activity [14] . β-Amino acids can also be used as building blocks of modified analogues of pharmacologically active peptides [15] . As a part of our on-going research programme on bioactive compounds herein, we report the synthesis and in vitro and in vivo evaluation of dipeptides containing cyclic β-amino acids against P. falciparum and P. berghai.
Result and Discussion
Our synthetic approach for dipeptides containing cyclic β-amino acids is illustrated in Scheme 1. The β-lactams 1a,b were prepared by the hydrolysis of the corresponding intermediate N-chlorosulfonyl-β-lactams, which in turn were synthesized by the careful addition of chlorosulfonyl isocyanate to a cyclic alkene in dry toluene at 0 o C. The conversion of the β-lactams 1a,b to the amino ester salts 2a,b has been achieved in one step, applying a reported method [16] . The details of the syntheses of the β-lactams 1a,b and β-amino esters 2a,b are described in Experimental section.
Finally, the amino ester salts were coupled with an N-protected amino acid by making use of Nhydroxybenzotriazole (HOBT) and N- (3-dimethylaminopropyl) -N-ethyl-carbodiimide hydrochloride (EDCI) as coupling agents to give 3.1-3.6 and 4.1-4.5 in excellent yields after column chromatography. For all the reactions enantiopure L-α amino acid derivatives were used and thus the reactions produced diasteromeric mixtures for all the products 3.1-3.6 and 4.1-4.5, which have not been separated. Reported yields thus include both the diastereomers. The completion of the reaction was monitored by TLC (hexane-ethyl acetate, 70:30). Under these conditions, several N-protected amino acids were effectively and quantitatively coupled with amino ester hydrochlorides, proving the efficiency of this method. Easy workup, along with the excellent yields of the products and also the mild reaction conditions encouraged us to apply this method for the synthesis of variety of β-lactams and couple them with protected amino acids. All synthesized compounds have been fully characterized by IR, NMR and mass spectrometry. Typical experimental procedures for the synthesis of all the compounds 3.1-3.6, 4.1-4.5, with spectroscopic data, are summarized in the Experimental section.
In vitro and in vivo evaluation of antimalarial activity
Two strains of chloroquine sensitive and resistant P. falciparum isolated from patients from Jagadalpur, India were adapted and maintained in vitro. The cultures were maintained as per the standard culture procedures described earlier [17] . The growth of the parasites in the presence of each of the test compound, chloroquine and control wells were monitored by the examination of the giemsa stained blood smears made after 24 hrs of incubation. Counting was done for the presence of mature schizonts among 200 asexual parasites and the average schizont maturation inhibition was calculated by the formula (1-N t / N c )x 100, where in N t and N c represent the number of schizonts present in the test and control, respectively [18] . The IC 50 , IC 90 and IC 99 values (Table 1) were calculated by using a commercial statistical package. The compounds 4.4 and 4.5 showed the highest potency among the compounds screened, with IC 50 values of 3.87 and 3.64 μM, respectively, against chloroquine susceptible strain of P. falciparum. The values were similar for the chloroquine resistant strain of P. falciparum. Since both these compounds are active against the chloroquine sensitive as well as the resistant strains of P. falciparum, this class of compounds has potential as antimalarials. The normal human RBC's used for the culture when exposed at all the concentrations showed no cell lysis which suggests that the test compounds have no lytic activity on the normal human cells. The compounds 4.4 and 4.5 that showed maximum activity in the schizont maturation assay were also highly active in the total growth inhibition assay, which indicates that the possible mode of action of these compounds is on the total growth inhibition rather than slowing down the cell division cycle. The IC 50 values of the all the compounds indicates the effect of lipophilicity towards the activity, which may be helping in the penetration through plasma membrane. Based upon in vitro antimalarial activity, compounds with IC 50 values of less than 10μM were selected for in vivo antimalarial activity evaluation [19] against chloroquine resistant strain of Plasmodium bergehi infection in mice model ( Table 2 ).
All the selected compounds were evaluated at a dose of 50 and 100 mg/kg/day x 4 by oral route. Chloroquine (8mg/kg/day × 4) was used as standard drug in the trial for comparison. As expected 4.5, which had shown 85 % suppression of parasitaemia on day 4 at 100 mg/kg, was found to be active with all mice surviving with 7% parasitemia up to seven days. However, it was not found to possess any curative activity, as all mice died before D+28. The results obtained established that few cyclic β-amino peptides have shown significant in vitro and in vivo antimalarial activity, confirming the hypothesis that tert-butoxy carbonyl group might be cleaved in the acidic food vacuole of parasite which is generating the free amine and thus it may be behaving like chloroquine to inhibit parasite growth by binding to hematin and preventing its aggregation to hemozoin.
Conclusions
In conclusion, the result obtained established that dipeptides containing cyclic β-amino acid has in vitro as well as in vivo antimalarial activities against both chloroquine resistant and chloroquine sensitive malarial strains. It's also noteworthy to mention that although these compounds are active against the chloroquine resistant strain P. falciparum at much higher concentrations than chloroquine or other natural products like artemesinin, but this class of compounds certainly holds great promise, and that further exploration in this field may lead to potent antimalarial agents.
mode. IR spectra were recorded on a Bruker Tensor 27 instrument with Opus 5.5 software.
1 H-NMR and 13 C-NMR spectra were recorded in CDCl 3 solutions on a Bruker AVANCE 400 NMR spectrometer operating at 400 MHz (for 1 H) or 100 MHz (for 13 C), using tetramethylsilane (TMS) as an internal standard. Chemical shifts are reported in parts per million (ppm) down field from tetramethyl silane. Spin multiplicities are described as s (singlet), d (doublet), t (triplet), q (quartet), m (multiplet). Coupling constants are reported in Hertz (Hz).
General procedure for the synthesis of β-lactams 1: 9-aza-bicyclo[6.2.0]decan-10-one (1b, n = 6) A 250 mL three necked round bottom flask equipped with a nitrogen inlet adaptor, dropping funnel and double wall condenser with CaCl 2 guard tube, was charged with cyclooctene (45 mL, 346 mmol) in dry benzene (100 mL) and chlorosulfonyl isocyanate (30 mL, 345 mmol) was added dropwise to the stirred solution at 0 o C over 30 min. Stirring was continued at 0 o C for 2 hours further and then the reaction mixture was allowed to warm upto room temperature overnight. The resulting thick brown liquid was diluted further with benzene (50 mL) and added dropwise to a 2 L three necked round bottom flask containing a vigorously stirred two phase mixture of Na 2 SO 3 in water (300 mL) and benzene (200 mL). For vigorous stirring a mechanical stirrer was used. The pH of the solution was maintained between 8 to 9 by dropwise addition of 10% KOH solution as needed. Stirring was continued for 4 hours. Completion of reaction was monitored by TLC. After completion of the reaction organic layer was separated and aqueous phase was extracted with chloroform (2x10 mL). The combined organic layer was dried over anhydrous MgSO 4 , filtered and concentrated to yield an off while solid, purification was done by crystallization in petroleum ether (40-60 o C) provided the β-lactam 1b as a white solid (25 g, 48%) [16a] . The β-lactam 1a [16c] was similarly prepared as white solid (20 g, 54% yield) from cyclopentene (30.5 mL, 346 mmol) and chlorosulfonyl isocyanate (30 mL, 345 mmol).
General procedure for the synthesis of 2-aminocyclooctanecarboxylic acid methyl ester hydrochloride, (2b, n = 6)
To a mixture of β-lactam 1b (0.153 g, 1 mmol) and silica/chloride (0.25 g, 0.23 mmol), dry methanol (25 mL) was added dropwise at 0°C. The reaction mixture was stirred 10-20 min. The progress of reaction was monitored by TLC (toluene-ethanol 9:1). After the disappearance of starting material in TLC the reaction mixture was made more alkaline with cold saturated sodium bicarbonate solution, followed by the extraction with diethyl ether (3x50 mL). The combined organic layers were dried (Na 2 SO 4 ), filtered and evaporated. The oily residue obtained was purified by flash chromatography on a silica gel column (toluene-ethanol 9:1) to afford β-aminoester in 90 % yield [16e]. The β-aminoester 2a [16e] was similarly prepared in 84% yield from β-lactam 1a (0.11 g, 1 mmol), silica/chloride (0.25 g, 0.23 mmol), and dry methanol (25 mL).
Typical experimental procedure for the prepartion of compounds 3.1-3.6: 2-(2-tert-butoxycarbonylaminoacetylamino)-cyclopentanecarboxylic acid methyl ester (3.1)
To a stirred solution of 2-aminocyclopentanecarboxylic acid methyl ester hydrochloride (2a, 1.9 g, 13.3 mmol) in CH 3 CN (25 mL) triethylamine (4.6 mL, 33.3 mmol) and N-(tert-butoxycarbonyl)-Lglycine (2.3 g, 13.3 mmol) was added at 0°C. The mixture was stirred for 30 min, followed by the addition of EDC (2.4 g, 13 mmol) and HOBT (4.0 g, 13 mmol). The reaction mixture was warmed to room temperature and stirred overnight. Completion of reaction was monitored by TLC (hexane-ethyl acetate 70:30). After the completion of reaction the residue was concentrated in vacuo and extracted with ethyl acetate. Purification by column chromatography over silica gel (60-120 mesh) using hexane-ethyl acetate (90:10) as eluent yielded 3.64 g (91%) of compound 3. 
Typical experimental procedure for the prepartion of compounds 4.1-4.5: 2-(2-tert-butoxycarbonylaminoacetylamino)-cyclooctanecarboxylic acid methyl ester (4.1)
2-Aminocyclooctanecarboxylic acid methyl ester hydrochloride (2b, 2.4 g, 13.3 mmol) in CH 3 CN (25 mL) triethylamine (4.6 mL, 33.3 mmol) and N-(tert-butoxycarbonyl)-L-glycine (2.3 g, 13.3 mmol) was added at 0°C. The mixture was stirred for 30 min, followed by the addition of EDC (2.4 g, 13 mmol) and HOBT (4.0 g, 13 mmol). The reaction mixture was warmed to room temperature and stirred overnight. Completion of reaction was monitored by TLC (hexane-ethyl acetate 70:30). After the completion of reaction the residue was concentrated in vacuo and extracted with ethyl acetate. Purification by column chromatography over silica gel (60-120 mesh) using hexane-ethyl acetate (90:10) as eluent yielded 3.8 g (85%) of compound 4. 2 (m, 9H), 1.29-1.38 ( m, 8H), 1.40-1.48 (m, 4H) 
2-(2-tert-Butoxycarbonylamino-4-methylpentanoylamino)-cyclopentanecarboxylic acid methyl ester

2-(2-tert-Butoxycarbonylamino-3-phenylpropionylamino)-cyclopentanecarboxylic acid methyl ester
2-(2-tert-Butoxycarbonylamino-3-phenyl-propionylamino)-cyclooctanecarboxylic acid methyl ester
In vitro antimalarial evaluation
A local strain of P. falciparum collected from Jagadalpur area of Chattisgarh state of India which is susceptible to chloroquine (IC 50 0.015 µM) was continuously cultured following the protocol of Trager and Jensen [17] . The cultures were maintained with washed human red blood cells (O+) of 5% hematocrit in RPMI 1640 medium. The media was supplemented with 25 mM HEPES buffer, 25 mM Sodium bicarbonate and 10% human serum (AB+). The synchronized culture adjusted to 1 to 2% hematocrit with ring stage of the parasite was established. The stock solutions of the test compounds and CQ were prepared in ethanol and water and the assay was performed with cells containing minimum 1% ring stage parasitaemia. The schizont maturation assay was done in 96 well cell culture plates with 200 µL of the media with the desired concentration of test compound or CQ and appropriate controls were maintained without both. The experiment was terminated after 30-34 hrs when most of the parasites in the control reach mature schizont stage. Thin smears were prepared and stained with Giemsa stain and no. of schizonts per 200 asexual parasites was microscopically counted and recorded. The percent schizont inhibition was calculated by the formula (1-Nt/Nc)x100 in which Nt and Nc represent the number of schizonts in test and control respectively. The IC 50 values were calculated using statistical software (Sigmastat, Systat Software, San Jose, CA, USA).
In vivo antimalarial evaluation
The in vivo evaluation was done by Peter's 4 day suppressive test by means of parasite count. In brief, on Day-0, experimental as well as control groups of mice were inoculated intraperitoneally with approximately 30% of P. berghei infected erythrocytes in normal saline. The experimental groups of mice were administered orally after 4 hours of infection on Day-0 and were treated daily upto Day-3 (D-0 to D-3). Each group was consists of five mice. Standard drugs Chloroquine (8 mg/ Kg) and Artemisinin (8 mg/ Kg) were administered in two different groups of mice. Control group receives the same amount of solvent used to suspend the plant extracts. Any mortality within 24 Hours of drug administration was considered as toxicity of the drug. On fifth day (D-4), thin blood films were made from the tail blood and fixed with methanol. The films were then stained with Giemsa stain. The percentage parasitemia was determined by counting number of parasitized blood cells out of 500 erythrocytes in random fields of the microscope. The average percent suppression of parasitemia in comparison to control is calculated using the following equation: Average % suppression= {(A-B)/A} x100, where A= Average % parasitemia in control group and B= Average % parasitemia in treated group.
